Summary
This report describes a method for estimating the ventilation rates of the high-level radioactive waste tank headspaces at the Hanford Site in Southeastern Washington State. The method, using hydrogen concentration data, is applied to all passively ventilated and selected mechanically ventilated tanks equipped with Standard Hydrogen Monitoring Systems (SHMS) and covers the time period from when the SHMS were installed through July 12,1998. Results of the analyses are tabulated and compared with results from tracer gas studies (Huckaby et al. 1997 (Huckaby et al. ,1998 ) and similar analyses of SHMS data (Wilkins et al. 1997 ).
The method relies on instances of above-normal hydrogen releases and assumes the rate at which hydrogen is released by the waste is otherwise approximately constant. It also assumes that hydrogen is uniformly distributed in the tank headspace, so that at any given time the concentration of hydrogen in the effluent is approximately equal to the average headspace concentration and that measured by the SHMS. In general, the greatest single source of error in the method is the determination of the baseline hydrogen concentration, which in this study has been estimated by visual inspection of plotted data. Uncertainties in the calculated ventilation rates due to inaccurate baseline measurements are examined by performing a sensitivity analysis with upper and lower bounding values for the baseline concentration (in addition to the best estimate). Table S .l lists the tanks considered in this report and the range of estimated ventilation rates obtained for each tank. When multiple events of above-normal hydrogen releases were observed, the range of estimated ventilation rates is given. Resulting values and their variability are consistent with those determined using tracer gases. ----
Introduction
Ventilation with the atmosphere is used to prevent accumulation of waste gases and vapors in the headspaces of the 177 high-level radioactive waste tanks at the Hanford Site in Southeastern Washington State. Mechanical exhausters are used to ensure sufficient airflow through the headspaces of 45 tanks, but the other 132 tanks are only passively ventilated with the atmosphere. Measurements of passive ventilation rates are needed for the resolution of several key safety issues associated with the rates of flammable gas production and release, the rates at which organic salt-nitrate salt mixtures dry out, and the estimation of the surface areas of organic liquid waste in the tanks.
Direct measurement of passive ventilation rates in the waste tanks using mass flow meters is impractical because ventilation occurs via multiple pathways to the atmosphere as well as through underground connections to other tanks that are difficult to access. A tracer gas method discussed in Huckaby et al. (1997 Huckaby et al. ( ,1998 provides direct measurements of the rates at which gases are removed by ventilation and indirect measurements of the ventilation rates. The tracer method has been successfully applied to 14 tanks but requires significant fieldwork and laboratory sample analysis for each tank studied.
This report discusses and applies a method for estimating the ventilation rates of tanks equipped with the Standard Hydrogen Monitoring System (SHMS). Tank headspace hydrogen concentrations measured by the SHMS are observed to occasionally increase rapidly, then decrease logarithmically back to their steady-state values. The rapid increase in hydrogen concentration is thought to indicate that a relatively large amount of hydrogen has been released by the waste over a short time period. Hydrogen concentrations return to their normal values after the release is over, because the rate of hydrogen removal by ventilation temporarily exceeds the normal hydrogen release rate. Provided certain physical conditions are met (e.g., the headspace is well mixed), the logarithmic decrease in hydrogen concentration can be used to estimate the ventilation rate of the headspace during that time period. Wilkins et al. (1997) applied this method to 12 tanks and found their results were consistent with those from tracer gas studies.
In this study the hydrogen data from 23 single-shell tanks (SSTs) equipped with SHMS were examined for evidence of sudden releases, and significant release events were analyzed to estimate the ventilation rate of the tank. This report reexamines the results of Wilkins et al. and applies the method to all SST SHMS data available through July 12,1998. A brief summary of the operating principles and specifications of the SHMS may be found in Section 2, and the mathematical interpretation of SHMS data is described in 
Method Description
The method for estimating ventilation rates from transient changes in the headspace hydrogen concentration relies on data from the SHMS. The SHMS consists of a temperature-controlled cabinet containing an air pump, piping, various types of instrumentation, intake and outlet probes that collect and return headspace air, and a variety of associated equipment. All the SHMS on the tanks listed in Table 1 contain a Whittaker electrochemical cell that is used to measure hydrogen on-line in the tank headspaces.
The Whittaker electrochemical cell is based on the reduction of a metallic oxide (e.g., HgO or AaO) and the oxidation of H2. The net reaction is H2+Ox + 0i2 +2H+
A Whittaker cell contains a Kapton (polyamide) diffusion barrier that covers the hydrogen electrode, minimizing interferences from oxidizing agents such as NO2, NO, N20, and unsaturated organics. The cell generates an electrical signal proportional to the hydrogen concentration (~01%) that is processed by a transmitter and sent to a data recorder. More detailed information may be found in Wilkins (1995). The cell is linear for hydrogen up to three orders of magnitude. As set up in the field, the detection limit is about 100 ppmv. Measurement accuracy is about S . 1 5 vol% with a resolution of 0.005 vol% (50 ppmv).
Typically, two Whittaker cells are set up to cover both a low range, 0-1 vol% H2, and a high range, 0-10 ~01%. A mid-range standard of 1,OOO ppmv H2 is used for online calibration. Interferences with other gases such as ammonia, methane, nitrous oxide, or water vapor do not appear to be a problem (Schneider 1993 ).
The SHMSs were installed in March 1995 for many of the tanks listed in Table 1 ; installation occurred later for several tanks. Problems with condensation of water vapor have limited the operation of the SHMS on Tanks A-101 and AX-101, and problems with ammonium nitrate formation have limited SHMS operation on Tank AX-103 (Wilkins et al. 1997) . Dates for which data are available for each tank are listed in Table 2 , along with their headspace volumes. 
Results
Gas release events were defined as an increase in hydrogen concentration in the headspace from the steady-state level followed by a decrease back to the steady-state level (Wilkins et al. 1997) . Data were obtained from the Tank Farm Monitoring and Data Acquisition System (TMACS). Gas release events were identified by visually inspecting a plot of hydrogen concentration versus time for rapid increases in hydrogen concentration that were followed by a gradual decrease. An example of a SHMS data set that exhibits this feature is plotted in Figure 1 . As shown in this figure, the hydrogen concentration in Tank U-103 rose to a maximum on February 20, 1996, then returned to a more or less normal concentration by mid-March.
To calculate ventilation rates, it was necessary to calculate the rate of hydrogen decay after its concentration peaked. A mass balance on the hydrogen in the headspace gives
where C is the hydrogen concentration, Y is the volumetric ventilation rate, V is the headspace volume, R is the rate at which hydrogen is released from the waste, and t is time. Assuming the ventilation and hydrogen release rates are approximately constant after a hydrogen release event, the hydrogen concentration will decrease and approach its steady state (baseline) value, c'. Here CO is the peak hydrogen concentration of a gas release event, and t has been chosen so that t = 0 when C = CO. Note that equation (3.4) is in the form of a line with dependent variable h(C -f), independent variable t, slope vN, and intercept ln(Co -0. Linear regression of ln(C -0 versus t data can be used to obtain a best average value for VN.
Determination of d was accomplished by visually inspecting plots of C versus t data and choosing a "best estimate." Because the consistency of hydrogen concentration data varied among tanks and dates, the accuracy with which c* could be specified also varied. Figures 1 and 2 illustrate typical problems associated with the data and the difficulty of unambiguously determining c'. Though the large peak in To estimate the uncertainties in calculated ventilation rates due to the uncertainty in 6, upper and lower bounding values for 6 were estimated (again by visual inspection of the plotted data) and used to calculate upper and lower bounding values for the ventilation rate. In some cases, the best estimate for C* corresponded to the upper or lower bound of the ventilation rate.
This approach was applied to each set of hydrogen versus time data associated with a hydrogen release event. Regression residuals were generated and used to statistically identify outlier data. Specifically, if the magnitude of the standardized residual was greater than 2 for a given data point, that point was eliminated from the data set, and the regression analysis was performed again. This was repeated until no outliers were identified, or until the change in slope was insignificant (usually no more than four times). (In a few cases in which a large number of data points were present and the data fluctuated significantly, the presence of a few outliers had little effect on the regression, and the outliers were ignored.) This criterion identifies data that are greater than two standard deviations from the best-fit line as outliers.
Equations (3.1) and (3.2) assume that the headspace is well mixed following a gas release event (which is reasonable based on Huckaby et al. 1997) . Potential sources of error include determining exactly what constitutes a gas release event and determining the peak and endpoint of the event. Because the magnitude of the concentration difference between the peak and the endpoint was frequently small, as low as 0.01 vol% hydrogen, the error introduced by misjudging the beginning and end of the event could be significant. The passively ventilated tanks for which gas release events were identified are listed in Table 3 , along with calculated ventilation rates. Ventilation rates were also tabulated for seven actively ventilated tanks, SX-101, SX-102, SX-103, SX-104, SX-105, SX-106, and SX-109, for comparison. Tanks BY-105, S-112, T-110, SX-101, SX-102, SX-103, SX-104, and SX-109 did not appear to have peaks that met the criterion for gas release events. Ventilation rates were calculated with equation (3.4) and headspace volumes given in Table 2 . Data collected on dates that the SHMSs were calibrated or dates with known system problems were eliminated from consideration. 
Comparison with Tracer Ventilation Rate Data
A comparison of the ventilation rates obtained from an analysis of the SHMS data with that obtained from tracer studies is shown in Table 4 . While SHMS data are available for 23 SSTs, and tracer data are available for 14 SSTs, the overlap of both types of data occur for only five tanks. The SHMS data predates the tracer data in all cases, so comparison of ventilation rates for the same time periods is not possible. However, no recent configuration changes that would have affected the ventilation rates of these tanks were identified, so a comparison is still reasonable. The average values are within a factor of three for S-102, U-103, and U-105, and within a factor of 5 for AX-103, though the tracer results are consistently lower than the SHMS results. The ventilation rate ranges for these four tanks from the two independent methods exhibit a fair degree of overlap, especially if the lower and upper bounds of the SHMS data are included. Ventilation rates obtained by Wilkins et al. (1997) from SHMS data are compared with the current results in Table 5 . A few of the values reported in Wilkins et al. were considered in this report to be from events that were too weak, had the wrong peak shape, or had data that were too scattered to be useful.
The subjectivity associated with using the SHMS data to estimate ventilation rates is reflected in the Table 5 may be associated with this problem.
Association of Gas Releases with Barometric Pressure Changes
It has been observed that gas releases in the SSTs were associated with changes in barometric pressure (Wilkins et al. 1997) . A decrease in pressure would be expected to decrease the solubility of hydrogen (and other gases) in the waste and allow trapped gas bubbles to expand and rise. A decrease in barometric pressure can thus serve as the impetus for a significant hydrogen release, and approximately two-thirds of the hydrogen releases examined in this study did occur when the barometric pressure was dropping or had reached a minimum. However, that one-third of the hydrogen releases studied occurred while the barometric pressure was rising suggests the correlation is not very strong, and many decreases in barometric pressure do not trigger significant gas releases. 
